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We have previously shown that leptospiral membrane
lipoprotein preparation (LMLP) extracted from pathogenic
Leptospira santarosai serovar Shermani stimulates the
secretion of pro-inflammatory mediators in renal tubule
epithelial cells, and implicated its role in the initiation of
tubulointerstitial nephritis. Renal tubulointerstitial injury is
characterized by inflammatory cell infiltrate; however, the
stimuli for leukocyte recruitment are not fully understood.
Initial studies by cytokine protein array analysis revealed
significant upregulation of neutrophil-chemoattractant
keratinocyte-derived chemokine (CXCL1/KC) at nanogram
range of LMLP stimulation in cultured murine proximal
tubule cells (PTCs). As PTCs express Toll-like receptors (TLRs),
this study investigated the roles of TLR signaling pathways in
PTCs stimulated by LMLP and its relation to CXCL1/KC
secretion. The LMLP stimulated the early secretion of
CXCL1/KC and enhanced the level of TLR2 mRNA expression
in PTCs through time- and dose-dependent effect. The
LMLP-stimulated secretion of human growth-related
oncogene alpha, a functional homolog to murine KC, in
TLR-defective human embryonic kidney 293 cells transiently
transfected with TLR2-expressing plasmids and the response
was augmented by coexpression of TLR1 and TLR2.
Moreover, silencing of TLR2, myeloid differentiation factor 88,
and TNF receptor-associated factor 6 with specific small
interfering RNA significantly reduces the response caused by
LMLP in PTCs. The LMLP-stimulated CXCL1/KC secretion was
also significantly reduced by pre-incubating PTCs with a
specific p38 inhibitor. These results indicate that LMLP
stimulates the production of CXCL1/KC to recruit
polymorphonuclear neutrophils at the site of inflammation
through a TLR2-mediated pathway in renal tubule cells.
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Chemokines are a group of small chemotactic proteins. These
play an important role in the host response to bacterial
infections by attracting leukocytes to the infection site.
Chemokines have been classified into four subfamilies,
namely, CXC, CC, C, and CX3C, based on the presence or
absence and location of N-terminal cysteine residues.1–3 The
CXC chemokine family is further distinguished by the
presence or absence of an amino-acid sequence, glutamic
acid–leucine–arginine (the ELR motif), that precedes the CXC
sequence. ELR-positive (ELRþ ) CXC chemokines have been
shown to induce neutrophil chemotaxis and stimulate
neutrophil activation in inflammatory responses.4–6 Macro-
phage inflammatory protein-2 (CXCL2/MIP-2) and kerati-
nocyte-derived chemokine (CXCL1/KC) are the best-studied
murine ELRþ CXC chemokines and are functional homologs
of the human CXC chemokine CXCL8/ interleukin (IL)-8
and growth-related oncogene alpha (GRO-a).7,8 The poten-
tial of these chemokines to contribute to polymorphonuclear
neutrophils (PMNs) influx and activation during inflamma-
tion is suggested by a number of observations.9 Human renal
tubule epithelial cells synthesize CXC chemokines, and
circumstantial evidences have suggested that CXC chemo-
kines induce the influx of PMNs in the interstitium and that
it is crucial to promote renal interstitial inflammation.10
Leptospirosis has emerged as a significant infectious
disease in rural and urban environment in both industria-
lized and developing countries. Mortality rates, which remain
considerable, are in part related to delayed diagnosis owing to
lack of sufficient clinical suspicion.11,12 Leptospirosis infec-
tion is transmitted via direct contact with infected animals,
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via skin contact , or by ingesting contaminated soil or water.
Pathogenic Leptospira disseminated hematogeneously in an
infected host causes a mild or severe infection with multi-
organ failure (Weil’s syndrome). In kidney, Leptospira
colonizes and multiplies in proximal tubule epithelial cells
resulting in acute renal failure and tubulointerstitial ne-
phritis.13 We have previously shown that leptospiral mem-
brane lipoprotein preparation (LMLP) extracted from
pathogenic Leptospira santarosai serovar Shermani, in con-
trast to LMLP from non-pathogenic Leptospira biflexa serovar
Patoc, stimulated the production of a set of pro-inflamma-
tory chemokine production in cultured murine thick
ascending limb cells and proximal renal tubule cells.14,15
These findings strongly suggested that LMLP plays key roles
in the early inflammatory response of renal epithelial cells
and in the pathogenesis of leptospira-induced tubulointer-
stitial nephritis.
Toll-like receptors (TLRs), an emerging family of recep-
tors, recognize pathogen-associated molecular patterns and
promote the activation of leukocytes and intrinsic renal cells.
TLR ligands include exogenous microbial components such
as lipopolysaccharide (LPS) (TLR4), lipoproteins and
peptidoglycans (TLR1, TLR2, TLR6), viral RNA (TLR3),
bacterial and viral unmethylated cytosine–guanosine dinu-
cleotide (CpG)-DNA (TLR9), or endogenous molecules,
including heat-shock proteins and extracellular matrix
molecules.16–18 When stimulated, TLRs mediate intracellular
signaling pathways via the myeloid differentiation factor 88
(MyD88)-dependent and -independent pathways, and con-
verge to activate nuclear factor-kappaB (NF-kB) and
mitogen-activated protein kinase (MAPK) pathways, which
induce transcription of a series of cytokine/chemokine genes
involved in the initiation and regulation of the inflammatory
response.19–22 Cultured murine renal tubule cells have been
shown to constitutively express TLR1, TLR2, TLR3, TLR4,
and TLR6 in vitro. When stimulated, these tubule cells secrete
CC chemokines CCL2/MCP-1, and CCL5/RANTES which
strictly depend on TLR4 and TLR2, respectively.23 Direct
activation of renal cells via TLRs may occur through
recognition of invading pathogens during renal infection
(e.g., bacterial pyelonephritis), suggesting that these TLRs
contribute to the induction of immune responses during
tubulointerstitial injury.24,25 The fact that TLRs are expressed
in renal tubule cells raised the question whether renal tubule
cells in response to LMLP stimulate chemoattractant
chemokine production via TLR signaling pathway for
recruiting immune cells in renal interstitium surrounding
proximal tubule cells (PTCs). In contrast to our previous
studies that LMLP, in microgram concentration range,
induced a set of pro-inflammatory chemokines in renal
tubule cells;14,15 in this study, we found that even nanogram
concentration range of LMLP specifically induced early
production of neutrophil-chemoattractant chemokines
CXCL1/KC and CXCL2/MIP-2 in cultured murine PTCs that
may participate in the initiation of Leptospira-induced
tubulointerstitial injury. We have published that LMLP
stimulated CXCL2/MIP-2 secretion in murine PTCs.15 We
therefore analyzed the molecular events that determine the
host response caused by LMLP in human embryonic kidney
293 (HEK293) cells transfected with TLR-expressing plasmids
and examined the role of innate immunity signaling path-
ways determining CXCL1/KC production in PTCs by using
an RNA interference small interfering RNA (siRNA) strategy
and specific MAPK inhibitors.
RESULTS
Cytotoxicity
Confluent PTCs were grown in serum-free medium in the
presence of increasing concentrations of LMLP (10–100
ng/ml for 24 h). The percentage of viable cells did not
significantly differ between LMLP-treated and -untreated
control cells (9476% vs control).
LMLP-induced cytokine and chemokine expression
In order to elucidate the candidate chemokines that
participate in the initiation of tubulointerstitial injury
induced by LMLP, the effect of ng/ml range of LMLP on
the induction of pro-inflammatory chemokines was analyzed
using the Mouse Cytokine Array 2 protein assay kit
(Panomics, Redwood City, CA, USA) on supernatants and
cell lysates from PTCs. Murine PTCs stimulated with LMLP
(10 ng/ml) result in an appreciable increase in CXCL1/KC
and CXCL2/MIP-2 secretion in supernatant (Figure 1a), and
CXCL1/KC expression in cell lysate (Figure 1b). Other
cytokines similarly assessed did not exhibit any appreciable
changes in response to 10 ng/ml of LMLP.
Kinetic and dose response of CXCL1/KC production by LMLP
To further verify the kinetic- and dose-dependent response of
CXCL1/KC production in response to LMLP, PTCs were
stimulated with 10 ng/ml of LMLP for different time intervals
and with various concentrations for 24 h. Upregulation of
CXCL1/KC mRNA expression was induced early (2 h) by
LMLP. Increased expression of mRNA was parallel to
increased supernatant secretion, which was observed at as
early as 2 h and peaked and reached a plateau by 12–24 h
(Figure 2a). The LMLP also stimulated CXCL1/KC mRNA
expression and chemokine production in a dose-dependent
manner (Figure 2b).
LMLP specifically stimulate the TLR2 expression in murine
PTCs
Semi-quantitative reverse transcriptase polymerase chain
reaction (RT-PCR) were undertaken to investigate whether
established murine PTCs express the TLRs previously shown
to be present in primary cultured renal tubule cells,23 and to
which extent LMLP stimulated one of these immune
receptors. Results were compared to those obtained on the
murine macrophage cells, RAW264.7, known to express a
significant amount of TLRs. As shown in Figure 3a, murine
PTCs constitutively expressed TLR4 and MD2 to the levels
significantly close to those expressed in RAW264.7 cells.
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Murine PTCs expressed only a low level of TLR1, TLR2, and
TLR6 mRNA as compared to that of TLR4 (Figure 3a).
Murine PTCs incubated with LMLP (10 ng/ml for 24 h) only
stimulated the expression of TLR2, whereas TLR1, TLR4,
TLR6, and MD2 mRNAs remained unchanged (Figure 3a).
Consistent with these findings, the results from real-time
PCR showed that LMLP specifically stimulated the expression
of TLR2 in a time- and dose-dependent manner (Figure 3b
and c). In both the cases, the levels of TLR1, TLR4, and TLR6
mRNA remained unchanged.
Transfection of TLR2 confers responsiveness of LMLP in
human HEK293 cells
To evaluate the reciprocal roles of TLRs under LMLP-induced
CXCL1/KC production, TLRs-defective HEK293 cells were
transiently transfected with an empty vector, human TLR2
or TLR4/MD2 alone, or TLR2 in combination with TLR1-
or/with TLR6-expressing plasmids and challenged with
LMLP (10 ng/ml, 24 h). The resulting supernatant was
assessed for the release of human CXCL1/GRO-a into the
supernatant, by enzyme-linked immunosorbent assay
(ELISA). We checked that TLR2 and TLR4/MD2 constructs
were functional: the specific TLR2 (Pam3CSK4) and
TLR4 (purified LPS) ligands stimulated the production
of CXCL1/GRO-a secretion in TLR2- or TLR4/MD2-
expressing HEK293 cells, respectively (data not shown).
The LMLP significantly stimulated CXCL1/GRO-a
production in the supernatant of HEK293 cells transfected
with TLR2-expressing plasmids as compared to that
measured in the supernatant from cells transfected with
control vectors or TRL4/MD2-expressing plasmids (Figure 4).
Furthermore, the stimulation of secreted CXCL1/GRO-a
was synergistically augmented by coexpression of TLR1,
but not other TLRs, with TLR2 (Figure 4). Maximal
CXCL1/GRO-a secretion was achieved by HEK293 cells
coexpressing TLR2 and TLR1.
TLR2, MyD88, and TRAF6 silencing prevents the stimulated
production of CXCL1/KC in murine PTCs
TLRs mediate signal transduction in collaboration with
other molecules, including the adaptor molecule MyD88,
IL-1R-associated protein kinases, and TNF receptor-
associated factor 6 (TRAF6).16 To further confirm the role
of TLR2 and elucidate the downstream signal pathways
activated in murine PTCs stimulated with LMLP, PTCs
were transfected with specific Control siRNA, TLR2 siRNA,
MyD88 siRNA, or TRAF6 siRNA. After 24 h of incubation,
transfected cells were challenged with LMLP (10 ng/ml
for 24 h). In comparison with control (Control siRNA),
TLR2 siRNA, MyD88 siRNA, and TRAF6 siRNA significantly
hindered the secretion of CXCL1/KC in murine PTCs
(Figure 5).
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Figure 1 | Cytokine protein array of LMLP-stimulated murine proximal renal tubule cells. Cultured murine late PKSV-PR PTCs in serum-free
medium were treated with 10 ng/ml LMLP for 24 h. Cytokine protein array (Raybio) was performed with the conditioned medium and cell
lysate. (a) CXCL1/KC and CXCL2/MIP-2 chemokines were detected in the medium after LMLP stimulation, compared with medium from
untreated (control) PTCs (a), whereas only (b) CXCL1/KC production in cell lysate . The corresponding cytokines in blots were shown (c). Other
cytokines (6CKINE, CTACK, EOTAXIN, GCSF, GMCSF, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, IL-12p70, IL-13, IL-17, IFN-g, LEPTIN, MCP-1, MCP-5,
MIP-1a, MIP-3b, RANTES, SCF, sTNFri, TARC, TIMP-1, TNF-a, TPO, and VEGF) similarly assessed did not exhibit any appreciable changes in
response to LMLP. The blot shown is representative of three separate experiments (n¼ 3) in which similar results were observed.
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LMLP induce the activation of IKBa and MAPK in PTCs
We next examined the effects of LMLP on the phosphoryla-
tion state of IKBa, extracellular signal-regulated kinase
(ERK)1/2, c-jun N-terminal kinase (JNK)1/2, and p38 in
PTCs stimulated with LMLP. Phosphorylation of IKBa
occurred at 15 min of LMLP exposure and reached a
maximum at 30–60 min. Phosphorylation of ERKs was noted
at 30 min and maximum phosphorylation occurred at
60 min. The activation of JNKs occurred after 15 min
incubation with LMLP and peaked at 30–60 min. Untreated
cells exhibited weak basal phosphorylation of p38. Following
treatment, the phosphorylation of p38 increased to levels
above baseline soon after 15 min of LMLP exposure.
Exposure to LMLP did not alter the levels of total ERKs,
JNKs, and p38 proteins, which also confirmed the equal
protein loading on the gels (Figure 6a).
Inhibition of p38 MAPK impairs the secretion of CXCL1/KC
induced by LMLP in PTCs
To analyze which MAPK pathway(s) is/are specifically
involved in the secretion of CXCL1/KC caused by LMLP,
PTCs were pre-incubated with different specific inhibitors of
NF-kB or MAPKs, and stimulated with LMLP for 24 h, and
release of CXCL1/KC was measured. Pre-incubation of
SB203580, an inhibitor of p38 MAPK, significantly prevented
CXCL1/KC secreted from stimulated PTCs (Figure 6b).
Conversely, pre-incubation with 1-pyrrolidinecarbodithioic
acid (a specific NF-kB inhibitor), PD98095 (an inhibitor
of ERKs), and SP600125 (an inhibitor of JNKs) did not
affect the release of CXCL1/KC from stimulated PTCs
(Figure 6b).
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Figure 2 | LMLPstimulated CXCL1/KC mRNA and protein in renal
tubule epithelial cells. Confluent PKSV-PR cells (PTCs) grown in
serum-free medium for 18 h were then incubated with LMLP (10 ng/
ml) for various periods or for 24 h under various concentrations.
Expression of CXCL1/KC and b-actin mRNAs was analyzed by (a,
upper panel) RT-PCR as a function of time or (b, upper panel)
increased concentrations of LMLP . b-Actin was used as the internal
standard. Secretion of CXCL1/KC in cultured supernatants from (a,
lower panel) PTCs stimulated for various periods and with (b, lower
panel) varying concentrations of LMLP was measured by ELISA.
Values are means 7s.e. of duplicate measurements from three
independent experiments. Values are means 7s.e. of duplicate
measurements from three independent experiments. *Po0.05 vs
untreated cell values (time, 0; LMLP, 0).
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Figure 3 | Effects of LMLP on TLR mRNA expression in renal
tubule epithelial cells. (a)The expression of TLR1, TLR2, TLR4, and
TLR6 mRNAs was analyzed in murine PKSV-PR cells (PTCs) without ()
or with (þ ) 10 ng/ml LMLP for 24 h, and RAW246.7 cells by RT-PCR.
The relative TRL1, -2, -4, and -6 mRNAs expression were analyzed by
Real-Time PCR in PTCs incubated with (b) 10 ng/ml LMLP for various
times or with (c) increasing concentration of LMLP for 24 h. The plot
points signify the fold increase in TLR mRNA expression compared
with that of untreated cell values (time, 0; LMLP, 0). Values, expressed
as relative mRNA fold increase over that of untretaed cells, are
means7s.e. of duplicate measurements from three independent
experiments. *Po0.05 vs time 0 or LMLP 0 values.
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DISCUSSION
Tubulointerstitial nephritis is a principal renal manifestation
caused by pathogenic Leptospira. CXC chemokines, including
CXCL8/IL8, CXCL1/KC/GRO-a, and CXCL2/MIP-2, are
molecules that are potentially responsible for the recruitment
of neutrophils and the initiation of tubulointerstitial
nephritis.26 In mouse, the local recruitment of PMNs can
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sured on transfected HEK293 cells incubated without () or with (þ )
LMLP (10 ng/ml) for 24 h. Values are means 7s.e. of duplicate
measurements from three independent experiments. *Po0.05 vs
vector treated with LMLP values, **Po0.05 vs TLR2 transfectant
treated with LMLP values.
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Figure 5 | Effects of TLR2, MyD88, and TRAF6 RNA silencing on
the secretion of CXCL1/KC induced by LMLP in murine renal
tubule epithelial cells. Murine PKSV-PR cells (1 105 cells/well)
seeded into six-well plates 24 h before transfection were transfected
with transfection agent alone (vehicle) or specific siRNA (30 nM) for
Control (scramble), TLR2, MyD88, and TRAF6 in serum-free medium.
After 24 h of incubation, transfected cells were grown in serum-
deprived for 8 h, and then incubated with 10 ng/ml LMLP for an
additional 24 h. The amount of CXCL1/KC released in cell super-
natants was then determined by ELISA. Values are means7s.e. from
duplicate measurements from three separate experiments. *Po0.05
vs control siRNA values.
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Figure 6 | Activation of NF-jB and MAPK kinase pathways by
LMLP in murine renal proximal tubule epithelial cells. (a)
Confluent PTCs grown in serum-free medium for 18 h were incubated
with 10 ng/ml LMLP for various times. Total (T) and phosphorylated
(p) IKBa, ERK1/2, JNK1/2, and p38 MAPK were evaluated in cell lysates,
using specific antibodies directed against total or phosphorylated
kinases. The intensity of the immunoblotted bands were quantified
by densitometric analyses. Fold increase represents the relative
increase in protein bands from LMLP-treated cells over that untreated
cells (time 0). (b) Alternatively, confluent PTCs grown in serum-free
medium for 18 h were then pre-incubated with dimethyl sulfoxide or
25mM PDTC, 50mM PD98095 (PD), 40 mM SP600125 (SP), or 10 mM
SB203580 (SB) for 1 h before adding 10 ng/ml LMLP. The amount of
CXCL1/KC released in cell supernatants was then determined by
ELISA. The blot shown is representative of three separate
experiments (n¼ 3) in which similar results were observed. Values
are means7s.e. of duplicate measurements from three separate
experiments. *Po0.05 vs control cell values (dimethyl sulfoxide).
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be mediated by CXCL1/KC, and CXCL2/MIP-2. Compared
with CXCL2/MIP-2, CXCL1/KC has been shown to elicit
fourfold greater neutrophil chemotaxis in vitro and has been
a more potent and systemically distributed chemokine in
vivo.27 The regulation of CXCL1/KC secretion requiring NF-
eˆB activity has been reported in mouse lung, epidermal cells,
and astrocyte.28–30 However, the regulation of CXCL1/KC
secretion in renal tubular epithelial cells has been less
addressed before. The LMLP, in microgram concentration
range, induced a set of pro-inflammatory chemokines
(including CCL2/MCP-1, CCL5/RANTES, TNF-a, etc.) in
renal tubule cells. By cytokine array analysis, stimulation of
pathogenic LMLP (10 ng/ml) specifically resulted in an
appreciable increase in CXCL1/KC secretion from murine
PTCs. LMLP also induced multiple intracellular signaling
events in murine PTCs: activation of NF-kB and three
distinct MAPKs. The results from this study demonstrated
that pathogenic LMLP stimulates the production of
neutrophil-chemoattractant chemokine CXCL1/KC via the
activation of TLR2, the recruitment of My88 and TRF6, and
subsequent activation of p38 MAPK in murine PTCs.
Although the role of PMNs in defense against Leptospires
still remains to be debated, selective pre-treatment of human
umbilical vein endothelial cells with intact Leptospires or
extracted leptospiral peptidoglycans has been shown to
stimulate endothelial adhesive activity for neutrophils and
to cause dose- and time-dependent increases of human
umbilical vein endothelial cells-PMNs adhesion.31 These
observations and the current study indicate the existence of
mechanisms through which Leptospira modulate systemic
and local inflammatory reactions such as initiation of tubular
inflammation. Thus, the production of these inflammatory
cytokines/chemokines by LMLP could explain the inflam-
matory process induced by Leptospira infection locally as well
as systemically in vivo
Leptospiral outer membranes are primarily composed of
lipoproteins, some of which have been characterized –
LipL36, LipL41, and LipL32.32–34 The LMLP extraction
method used in this study enhanced leptospiral protein
components harvested.32 Previous studies have demonstrated
that outer membrane components LPS, lipoproteins, as well
as lipid A of Leptospira interrogans induce chemokine
expression through TLRs in murine and human cells.35,36
Although contaminant leptospiral LPS may exist in LMLP,
glycolipoproteins are responsible for major Leptospira-
induced toxicity in murine fibroblast cells37 and in this
study. In this line, we have previously shown that upregula-
tion of chemokines by LMLP in renal tubule cells was
significantly reduced by heating and proteinase K digestion.
Moreover, polymyxin B, which binds to the lipid A portion of
LPS and results in an inhibition of LPS activity,38 did not
suppress the inducible action of LMLP on chemokine
expressions in renal tubule cells.14,15 Previous in vivo studies
identified leptospiral antigens in renal proximal tubules.39
Accumulation of pathogenic Leptospira in PTCs certainly
plays a determinant role in the pathogenesis of leptospiral
tubulointerstitial nephritis. Thus, the close interactions
between renal tubule epithelial cells with pathogenic LMLP
determine the induction and progression of tubulointerstitial
nephritis.
This study investigated the roles of TLRs and their
signaling pathways on the regulation of CXCL1/KC secretion
by PTCs in response to LMLP. In accordance with our
previous studies, we show here that release of CXCL1/KC
from murine PTCs caused by LMLP is tightly linked to TLR2.
The LMLP rapidly induce the expression of TLR2 within
murine PTCs, whereas the expression of TLR1, TLR4, and
TLR6 remains constant. Human HEK293 cells, which lack
functional TLR2, do not respond to LMLP. This study
showed that biological response of HEK293 cells to LMLP is
reconstituted after transfection with human TLR2. Further-
more, RNA silencing of TLR2, MyD88, and TRAF6, known
downstream signal pathways of TLR2, blunted the induction
of CXCL1/KC release in response to LMLP in murine PTCs.
These findings are in agreement with the study of Werts
et al,35who showed that activation of human monocytic
THP-1 cells by leptospiral LPS and lipoprotein from L.
interrogans occurs through TLR2. Experimental results from
this study also demonstrate that TLR4 is not required for
recognition of LMLP in murine PTCs, which constitutively
express TLR4. These experimental findings proved the
hypothesis that TLR2 is the primary innate immune receptor
for recognition of LMLP by murine PTCs. That LMLP
rapidly induce TLR2 gene transcription also suggests that
during the process of nephritis, renal tubule epithelial cells
may become more responsive to leptospiral components by
expressing excessive amounts of TLR2.
Cells expressing TLRs, TLR2 in association with TLR1,
TLR6, or other unknown co-receptors can respond upon
interaction with a large variety of microbial ligands.40
Coexpression of TLR1 and TLR2 enhance NF-kB activation
in response to triacetylated lipopeptides on human mono-
cytes.41,42 Conversely, heterodimerization of TLR2 with TLR6
is likely required for the detection of yeast zymosan and
diacylated mycoplasmal lipopeptides.43 Culture murine PTCs
constitutively express TLR1, -2, -3, -4, and -6 in vitro. To our
knowledge, the roles of these TLRs in Leptospira-induced
renal inflammatory response have not been evaluated. The
present data demonstrated that under coexpression of TLR2
and TLR1, the LMLP induces maximal stimulation of
CXCL1/GRO-a in transfected human HEK293 cells. These
experimental results thus suggest that TLR1 expression in
renal epithelial cells, synergistically with TLR2, is also
involved in the pathogenesis of Leptospira-induced tubuloin-
terstitial nephritis.
In conclusion, the present findings provide lines of
evidence that LMLP stimulates the production of neutro-
phil-chemoattractant chemokine CXCL1/KC for chemotaxis
of PMNs through the activation of TLR2, MyD88, TRAF6,
and p38 signaling pathways in renal PTCs. These results
also confirm the hypothesis that murine renal PTCs, like
immune cell, express functional TLRs, which are critical
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to induction of the innate response caused by invading
bacterial infection.
MATERIALS AND METHODS
Reagents
Fetal calf serum, Dulbecco’s modified Eagle’s medium, and F-12
nutrient mixture were from Invitrogen Corporation (Carlsbad, CA,
USA). The 1-pyrrolidinecarbodithioic acid, PD98095, SP600125,
and SB203580 were obtained from Calbiochem Corporation (La
Jolla, CA, USA). Phospho-specific IKBa, ERK1/2, JNK1/2, p38
kinase, total IKBa, JNKs, and p38 antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA). The total ERK
antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). All other chemicals were obtained from Sigma
Chemical Co. (St Louis, MO, USA).
Preparation of leptospiral membrane lipoprotein
A commonly encountered pathogenic, Leptospira santarosai serovar
Shermani (ATCC 43286), was obtained from American Type Culture
Collection (Manassas, VA, USA) and cultured in 10% Ellinghausen-
McCullough–Johnson-Harris (EMJH) leptospiral enrichment med-
ium (Detroit, MI, USA). Leptospira were cultured for 5–7 days at
281C to a density of 108/ml and enumerated by dark-field
microscopy as described previously.44 Membrane lipoproteins
from Leptospira Shermani were extracted with 1% Triton X-114
using a method described previously.15,32 Protein concentration
was measured by Bradford method (Bio-Rad Laboratories,
CA, USA).
Murine proximal tubular epithelial cell culture and
experimental treatments
The murine pyruvate kinase simian virus 40-proximal straight
(PKSV-PR) cells used in this study were derived from micro-
dissected proximal tubular epithelial cells of an L-type pyruvate
kinase (L-PK)/Tag1 transgenic mouse kidney as described pre-
viously.14,45 Experiments were performed on confluent cells between
the 40th and 55th passages. Cells were serum-deprived for 16 h and
then stimulated with various LMLP concentrations by directly
adding LMLP to the medium without changing the medium in an
effort to prevent serum re-feeding on signaling pathways. Alter-
natively, PTCs were pre-incubated with oligonucleotides for 24 h or
specific inhibitors for 1 h before LMLP treatment. Total RNA was
extracted for RT-PCR or real-time PCR and supernatant was
collected for chemokine determination. Total cell lysates were
extracted for Western Blot analysis. All measurements were
performed at least in triplicate.
Cytotoxicity
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay was used to determine the cytotoxicity of LMLP to
PTCs.46 Cell viability is expressed as the percentage of viable cells
compared with that of untreated cells; measurements were in
duplicate from at least two independent experiments.
Cytokine antibody array
Serum-free conditioned medium and cell lysate from PTCs
stimulated with LMLP (10 ng/ml) for 24 h was collected and used
for TranSignal Raybio Mouse Cytokine Array 2 analysis (Panomics,
CA, USA). The array membrane was pretreated, incubated with
conditioned medium or lysate for 16 h, washed, incubated with
biotin-conjugated anticytokine mix, washed, and then developed
with streptavidin-horseradish peroxidase conjugate and subsequent
enhanced chemiluminescence (Amersham, IL, USA) according to
the manufacturer’s protocol. The experiments were repeated in
triplicate.
RNA extraction and semiquantitative RT-PCR
Total RNA was extracted from confluent PTCs by using the
guanidium thiocyanate–phenol–chloroform method by RNA-zol
(Cinna/Biotecx Inc., TX, USA).47 Complementary DNA was
amplified for 30–42 cycles in 100 ml total volume containing
50 mM KCl, 20 mM Tris-HCl (pH 8.4), 10 mM dNTP, 1.5 mM MgCl2,
1 U Taq polymerase, and 10 pmol of specific PCR primers. The
thermal cycling protocol was as follows: 941C for 1 min, 601C for
1 min, and 721C for 3 min. Amplification products were separated
on a 4% agarose gel with ethidium bromide and photographed.
Table 1 lists the oligonucleotide primers.
ELISA
Supernatant from cultured PTCs or HEK293 cells after LMLP
exposure were subjected to the measurement of murine CXCL1/KC
and the human homolog, CXCL1/GRO-a, by ELISA using
commercially available kits (R&D systems, Minneapolis, MN, USA).
Western. blot analysis
Total protein extraction and Western blot analysis were performed
as described previously.48,49 Signals were detected using enhanced
chemiluminescence (Amersham, IL, USA) according to the
manufacturer’s protocol, and exposed to X-OMAT AR film
(Eastman Kodak, NY, USA). Stripping of the initial antibody probe
was accomplished by submerging membranes in 100 mM 2-b-
mercaptoethanol, 20% sodium dodecyl sulphate, and 62.5 mM Tris-
HCl (pH 6.8) at 551C for 50 min, washed twice in tris-buffered
saline/0.1% Tween 20 for 10 min each, and re-blotted with
appropriate antibodies to determine equal sample loading.
Real-time PCR and primers
Real-time PCR was performed in triplicate on an ABI-Prism 7700
using SYBR Green I as a double-stranded DNA-specific dye
according to the manufacturer’s instructions (PE-Applied Biosys-
tems, Cheshire, Great Britain) using SYBRs Green PCR Master Mix,
forward and reverse primers (200 nM each), and sample RNA
(90 ng). To standardize quantification of selected genes, glyceralde-
hyde-3-phosphate dehydrogenase (GADPH) as the standard house-
keeping gene, from each sample was quantified by real-time PCR.
TaqMan rodent GAPDH control reagents (Cat. No. 4308313)
containing the GAPDH primers and VIC-probe were purchased
from Applied Biosystems. Table 1 lists the primers used for real-time
PCR. The ratio of target gene to GADPH expression levels (relative
gene expression numbers) was calculated by subtracting the
threshold cycle number (Ct) of the target gene from the Ct of
GADPH expression, and raising the difference to the power of
twofold changes in gene expression in comparison with control were
determined.
HEK293 cell culture and transient transfection
The pDUNO-hTLR1, pDUNO-hTLR2, pDUNO-hTLR4þMD2,
pDUNO-hTLR6, and pDUNO empty plasmids were purchased
from Invivogen Inc. (San Diego, CA, USA). The HEK293 cells
(ATCC, Manassas, VA, USA) were plated into a six-well tissue
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culture plates and maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum. Using Lipofecta-
mineTM 2000 transfection protocol (Life Technologies Inc., Carls-
bad, CA, USA), cells were transfected with 6.0 ml lipofectamine and
4.0mg of various expressing plasmids either alone or in combination
as indicated. The transfected cells were cultured for 24 h and allowed
to recover for 12 h, deprived of serum 16 h, and then stimulated with
LMLP for 24 h. The supernatants were tested for CXCL1/GRO-a
release by ELISA. All transfection experiments were repeated at least
three times.
SiRNA
SiRNAs were synthesized and constructed according to the
manufacturer’s protocol for the SilencerTM siRNA Construction
Kit (Ambion Inc., Austin, TX, USA). The following targeting
sequences were used: for mouse TLR2, GGAGUCUCUGUCAUGU-
GAUtt (sense) and AUCACAUGACAGAGACUCCtg (antisense);
mouse MyD88, GGAUAUACUGAAGGAGCUGtt (sense) and CAG
CUCCUUCAGUAUA UCCtc (antisense); and mouse TRAF6,
GGGCUACGAUGUGGAGUUUtt (sense) and AAACUCCACAUC
GUAGCCCtg (antisense). Transfection agent with scramble siRNA
(Control siRNA, Cat. No. 1630, Ambion Inc., TX, USA) served as
controls. Cells were seeded into six-well plates 24 h before
transfection at a concentration of 1 105 cells/well. Cells were
transfected with 30 nM siRNAs in serum-free Dulbecco’s modified
Eagle’s medium using RNAiFect (Qiagen Inc., Valencia, CA, USA)
according to the manufacturer’s protocol. After 24 h of incubation,
the transfected cells were serum-deprived for 8 h, and then
stimulated with LMLP for 24 h. Supernatants were harvested for
CXCL1/KC analysis by ELISA.
Densitometric analysis
Western blotting were quantified by scanning densitometry and
expressed as normalized values to total IKBa, ERK1/2, JNK1/2, or
p38. Analytical results are expressed as fold increase of untreated cell
values.
Statistical analyses
All the data were reported as means7s.e.m. Student’s t-test was used
to compare differences between groups. A value of Po0.05 was
considered statistically significant.
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